The current review article attempts to cover the eld of nanoporous materials, thereby materials with voids of the order of 1 nm to 100 nm or even larger. Concepts, that have an effect on a more general basis, are introduced and the common features among the different classes of nanoporous materials are demonstrated enabling understanding their formation and stability. It is seen that the most successful method to produce nanoporous materials made by design is to imprint a template structure into a functional inorganic or even organic network. Further, the manuscript gives an introduction to state of the art overview for microporous, mesoporous and macroporous materials, while the preference lies on ordered pore structures. Further, it is demonstrated how important but also demanding the use of modern analytical techniques are. This makes the eld of nanoporous materials truly interdisciplinary with aspects of inorganic chemistry, polymer science, colloid chemistry, physical chemistry, analytical chemistry and chemical engineering.
INTRODUCTION

General De nitions
Classically, porous matter is seen as a material that has voids through and through. The voids show a translational repetition in 3-D space, while no regularity is necessary for a material to be termed "porous." A typical and relatively simple porous system is one type of dispersion classically described in colloid science, namely a foam or, better, a solid foam. In correlation with this, the most common way to think about a porous material is as a material with gas-solid interfaces as the most dominant characteristic. This already indicates that classical colloid and interface science as the creation of interfaces due to nucleation phenomena (in this case nucleation of wholes), ¤ Author to whom correspondence should be addressed. ! Temporary address: Lash Miller Chemical Laboratories, University of Toronto, 80 St. George Street, Toronto, ON M5S 3H6, Canada. decreasing interface energy, and stabilization of interfaces is of elemental importance in the formation process of nanoporous materials. 1 These factors are often omitted because the nal products are stable. Indeed, they are just metastable. This metastability is due to the rigid character of the void-surrounding network, which is covalently cross-linked in most cases. However, it should be noticed that most of the porous materials reported in the literature or those that are of high technical relevance are not stable by thermodynamic means. As soon as kinetic energy boundaries are overcome, materials start to break down. One example should elucidate this. Porous silica, for instance, is just metastable. As soon as the temperature is raised and the melting point is reached, primary particles in the network begin to fuse and it comes to phase separation into a nonporous silica phase. Finally, at very high temperatures, the thermodynamic stable phase of SiO 2 quartz emerges.
Control over interface energy and metastabilization of nanodimensional holes becomes of special importance when the task is to produce nanoporous materials. For this review, the whole range of pores from 1 nm to 1000 nm is interpreted as nanoporous materials.
Additionally, we will skip the strict limitation of just regarding 3-D distributed solid-gas interfaces as porous materials. Instead, when the pores happen to be lled with something the materials will also be judged to be porous as long as it is possible to remove this lling. The pores might be lled by any matter that is different from the surrounding network. However, it should be noted that nanoporous materials with lled pores might be more correctly described as nanostructured materials.
Accordingly, porous materials might be classi ed by the size of pores or may be distinguished by different network materials (see Section 1.3).
Relevance of Nanoporous Materials
Before nanoporous materials are considered in further detail it might be good to give a brief overview of the areas in which nanoporous materials are of interest and of importance if one takes the general considerations of Section 1.1 into account.
One can nd a whole variety of nanoporous materials in nature executing many different functions. The most common task for nanoporous materials in nature is to make inorganic material much lighter while preserving or improving the high structural stability of these compounds. Often, by lling the voids between inorganic matter the desired properties of the hybrid materials exceed the performances of the pure compounds by several orders of magnitude. Nanoporous materials in nature are organicinorganic hybrids. Naturally occurring materials exhibit synergistic properties. Neither the organic material lling the void nor the inorganic network materials are able to achieve comparable performances by themselves. Examples of these materials are found for diatoms, radiolarii, 2 or the famous abalone shell. [3] [4] [5] Even in the human body, life without bones would not be conceivable.
It is seen that complex mechanisms are involved in the formation of these hierachical materials. Similar to the structure motives on different length-scales cells, vesicles, supramolecular structures, and biomolecules are involved in the structuring process of inorganic matter occurring in nature. This process is commonly known as biomineralization. 61 7 It is often not seen in this relation, but it will be shown later that ordered porous materials, and therefore arti cial materials, are constructed according to very similar principles. A completely different area where Dr . Polarz Dr. Smarsly studied chemistry and mathematics in Marburg (Germany) and Innsbruck(Austria) and nished his studies in 1998 with a study on copolymers of poly(para-xylylene) in the group of Prof. J. Wendorff. He joined the group of Prof. M. Antonietti at the Max-Planck Institute of Colloids and Interfaces (Potsdam, Germany) and worked on the development of new approaches for the evaluation of small-angle scattering of porous materials, which was rewarded with the Kurt-Ueberreiter price for advances in polymer science. Since 2002 he works in the group of Prof. C. J. Brinker at the University of Mexico in Albuquerque, where he focuses on the preparation of thin mesostructured lms, which are sensitive to external stimuli. In addition, he also studies self-assembly processes in these lms by suitable small-angle scattering techniques. nanoporous materials are highly important is in the lungs, where a foam with a high surface area permits suf cient transfer of oxygen to the blood. Even the most recent developments in nanoporous materials, such as their application as photonic materials, 81 9 are already present in nature; the color of butter y wings, for instance, originates from photonic effects. 10 It can be concluded that nature applies the concept of nanoporous materials (either lled or un lled) as a powerful tool for constructing all kinds of materials with advanced properties. It is therefore not surprising how much research has recently been devoted to porous materials in different areas such as chemistry, physics, and engineering. The current interests in nanoporous materials are now far behind their size-sieving properties.
1. 3 . Classi cations 1. 3 .1. Classi cation by Pore Size. As was described in the previous chapter, the pore-size regime for nanoporous materials ranges from the 1-nm region to 1000 nm (D1 OEm). According to IUPAC, three distinctions can be made 111 12 :°M icroporous materials 0-2-nm pores°M esoporous materials 2-50-nm pores°M acroporous materials >50-nm pores A comparison of these different pore systems is given in Figure 1 . However, in these cases ordered pore systems are shown. Order is no premise at all. Microporous, mesoporous, or macroporous materials might have random systems of pores. [13] [14] [15] [16] In the eld of mesoporous materials in particular, the mistake is often made of mixing up mesoporous and ordered materials. Ordered porous materials are judged to be much more interesting because of the control over pore sizes and pore shapes. Their disordered counterparts exhibit high polydispersity in pore sizes, and the shapes of the pores are irregular (a nice example of such a material can be found in the literature 17 ) . Ordered porous materials seem to be much more homogeneous. But one has to be careful with this statement because it is often led by aesthetic arguments caused by the beauty of images (see Fig. 1 ). In many cases a material possesses more than one porosity. This could be:°F or microporous materials: an additional meso-or macroporosity caused by random grain packing°F or mesoporous materials: an additional macroporosity caused by random grain packing, or an additional microporosity in the continuous network°F or macroporous materials: an additional meso-and microporosity These factors should be taken into consideration when materials are classi ed according to their homogeneity. A material possessing just one type of pore, even when the pores are disordered, might be more homogenous than one having just a fraction of nicely ordered pores.
A good tool for deciding and classifying porous materials according to the size of their pores is sorption analysis (see Section 1.2). 111 121 18-21 Indeed, pores of different sizes lead to totally different characteristics in sorption isotherms (see Fig. 2 ).
Fig. 2. Sorption isotherms of microporous materials (I), mesoporous materials (V), and macroporous materials (III).
The correlation between the vapor pressure and the pore size is given by the Kelvin equation (shown here in a slightly modi ed form):
where r p û pore radius, ƒ û surface tension, t û thickness of the adsorbate lm, V L û molecular volume of the condensate. Therefore, the isotherms of microporous materials show a steep increase at very low pressures (relative pressures near zero) and reach a plateau quickly. Mesoporous materials are characterized by a so-called capillary condensation step [22] [23] [24] [25] and a hysteresis [26] [27] [28] [29] (a difference between adsorption and desorption). Macroporous materials show a single or multiple adsorption steps near the pressure of the standard bulk condensated state (relative pressure approaches one). Further literature concerning the analysis of nanoporous materials can be found in Section 1.2.
Classi cation by Network Material.
One of the most important goals in the eld of nanoporous materials is to achieve any possible chemical composition in the network materials "hosting" the pores. It makes sense to divide the materials into two categories: (a) inorganic materials and (b) organic materials. Among the inorganic materials, which is the larger group, we nd:
(i) Inorganic oxide-type materials. This is the eld of the most commonly known porous silica, porous titania, and porous zirconia materials. (ii) A category of its own is given for nanoporous carbon materials. In this category are the highly important active carbons and some examples for ordered mesoporous carbon materials. (iii) Other binary compounds such as sul des, nitrides etc. Into this category also fall the famous AlPO 4 materials. (iv) There are already some examples in addition to carbon where just one element (for instance, a metal) could be prepared in a nanoporous state. The most prominent member of this class of materials is likely to be nanoporous silicon, with its luminescent properties. 301 31 There are far fewer examples of nanoporous organic materials, such as polymers. 32 Some of the known examples are discussed in Section 4 and the limits of the preparation of these materials are explained.
This review tries to specify nanoporous materials according to these criteria. There might be even more criteria, such as shape of pores, etc., which are not explicitly taken into account here.
Modern Analysis of Nanoporous Materials
1. 4 .1. Gas Adsorption Methods. Gas sorption represents a widely used technique for characterizing microand mesoporous materials and provides porosity parameters such as pore size distributions, surface areas, and pore volumes. In the following, a brief description of classical methods of analyzing sorption data is followed by an overview of recent advances in the interpretation of sorption experiments.
In a typical sorption experiment the uptake of gases such as nitrogen, krypton, and CO 2 is measured as a function of relative pressures p=p 0 < 1 at constant temperature. p and p 0 are the equilibrium vapor pressures of the liquid in the pores and that of the bulk liquid, respectively. The interaction between the pore walls and the adsorbate is based on physisorption (van der Waals interaction) and leads to the formation of adsorbate layers at low p=p 0 . Simplistically, the macroscopic laws of classical thermodynamics predict that the con nement of pores with radii on the nanometer scale leads to the condensation of gas inside the pores at a pressure smaller than p 0 . In a typical sorption experiment the adsorbed volume is plotted versus p=p 0 , and this "sorption isotherm" is the superposition of different uptake mechanisms. At low p=p 0 adsorption in micropores takes place, which is supposed to be a process of volume lling rather than capillary condensation. 181 19 The shape of an isotherm itself distinguishes between representative types of nanoporous materials, based on the classi cations by IUPAC 111 12 or de Boer. 33 The isotherms of microporous materials are characterized by a steep increase of the isotherm at low p=p 0 , ending up in a plateau at larger p=p 0 . In a mesoporous substrate, with increasing values of p=p 0 , a liquid-like adsorbate lm of statistical thickness t4p=p 0 5 is formed on the pore walls. At a certain pressure, capillary condensation takes place, lling the mesopores with liquid, which is apparent in isotherms as a pronounced increase in the adsorbed amount. The total pore volume ("porosity") is given by the overall uptake of adsorbate. Zsigmondy proposed the rst explanation of the capillary condensation in a single in nite cylindrical mesopore based on the macroscopic Kelvin equation ln4p=p 0 5 D 2' V L =RTr m , where V L and ' are the molal liquid volume and the liquid-gas surface tension at temperature T , respectively, and r m is the mean radius of curvature of the liquid/gas interface (cylindrical for the condensation, spherical for desorption). 34 Based on the classical treatment of Cohan and the Kelvin equation, 35 the condensation of a liquid in a nanoporous material at a certain p=p 0 can be related to the corresponding mesopore size, thus also providing a pore size distribution (PSD). Since the condensation starts at a relative pressure p=p 0 , where the walls are covered by a lm of thickness t4p=p 0 5, in the so-called modi ed Kelvin equation 2=r m is replaced by f =4r ƒ t4p=p 0 55, where r is the "true" mesopore radius and f is the meniscus shape factor, which is 1 or 2 for the lling or emptying of the mesopore, respectively. This procedure represents the basis of the well-known "Barrett-Joyner-Halenda (BJH)" method, currently the procedure most frequently used to determine PSDs. 36 The dependence t4p=p 0 5 can be described by the approach of Frenkel-Halsey-Hill describing the sorption on nonporous silica. 37 An improved treatment, [38] [39] [40] originating with Derjaguin, 40 takes into account the in uence of surface forces on adsorbed lm equilibrium and stability, which leads to predictions for capillary condensation and desorption pressures that are substantially different from those of Cohan's theory. In addition, the pore geometry signi cantly affects thermodynamic properties of con ned uids and their adsorption behavior. 411 42 The con nement is stronger in spherical pores compared with cylindrical pores of the same diameter, leading to a shift of the capillary condensation to lower p=p 0 ; therefore the aformentioned procedures are restricted to cylindrical pores. 43 Broekhoff and de Boer described the condensation in spherical ink-bottle pores, connected by narrow cylindrical windows, based on the Kelvin-Cohan approach, also predicting the appearance of hysteresis. 43 The progress in synthesizing mesoporous materials with well-de ned pore morphologies in terms of uniform mesopore sizes and pore shapes allowed the testing, optimization, and further development these classical approaches. Based on the BJH method, Kruk and Jaroniec determined the mesopore size of MCM-41 by using the "KJS" approach, 441 45 which corrects the Kelvin equation by an empirical additive constant (0.3) for the mesopore radius, which, however, does not have a theoretical foundation:
Moreover, Kruk and Jaroniec used basic geometrical relationships to determine the mesopore diameter of MCM-41 based on the (100) interplanar spacing as determined from X-ray diffraction and the mesopore volume, assuming an array of uniform pores. 441 461 47 A further approach to calculating pore volumes and mesopores sizes is based on the Gurvich approach, 19 in which the adsorbed volume V 004 at p=p 0 º 004 is used to calculate the pore diameter by D D 4V 004 =S BET , where S BET is the speci c surface area obtained from the method introduced by Brunauer, Emmet, and Teller (BET). 48 The BET method is based on the assumption that multiplayer formation takes place prior to capillary condensation and that the equilibrium state is characterized by different rate constants for adsorption and desorption for the monoand multilayer. The adsorbed amount n a , p=p 0 , and the monolayer capacity n m are related by the BET equation, from which the speci c surface area S BET is calculated as S BET D n m a m N A , where a m is the area of an adsorbate molecule and N A is Avogadro's number.
Further widely used methods for determining structural parameters are comparative plots such as the t-plot and -plot methods. 191 491 50 Typically, the amount adsorbed on the porous solid under study is plotted as a function of the amount adsorbed on an ideally nonporous reference solid with similar surface characteristics, providing parameters such as the overall pore volume, speci c surface area, and micropore volumes. This procedure has been used to determine microporosity in mesoporous silicas such as SBA-15 showing nonnegative intercepts in the comparative plot. [51] [52] [53] Based on comparative plots, Jaroniec et al. concluded that MCM-41 does not contain extra microporosity. 54 The procedures described above are not appropriate for the characterization of microporous materials, particularly microporous carbons and zeolites. Among the most frequently used evaluation procedures are the phenomenological models based on Dubinin's theory of volume lling of micropores, such as the DubininRadushkevich (DR), 55 Dubinin-Astakhov, 56 and DubininStoeckli 57 equations. Another approach is the Saito-Foley method, 58 which is an extension of the Horvath-Kawazoe method. 59 It has turned out that the macroscopic thermodynamics of the classical methods described above do not provide reliable descriptions of materials with mesopore sizes below about 4 nm for oxidic materials. 60 One of the main shortcomings of these approaches lies in the nonconsideration of uid-wall interactions. Recent progress in understanding capillary condensation deals with molecular level models. The methods of the grand canonical Monte Carlo (GCMC) simulations, 61 molecular dynamics, 62 and density functional theory (DFT) 631 64 allow direct modeling of capillary condensation/desorption phase transitions and are capable of generating hysteresis loops of simple uids sorbed in model pores. Neimark and Ravikovitch have shown that the nonlocal density functional theory (NLDFT), with properly chosen parameters of uid-uid and uid-solid intermolecular interactions, quantitatively predicts desorption branches of hysteretic isotherms of nitrogen and argon on reference MCM-41 samples with pore channels narrower than 5 nm. [65] [66] [67] [68] This method was tested against Monte Carlo simulations and was shown to provide reliable pore sizes and wall thicknesses in MCM-41 materials.
611 68 Neimark and Ravikovitch extended the NLDFT approach to MCM-41-type materials such as SBA-15 with pore sizes larger than 5 nm, 521 69 and, in a recent study, they applied the NLDFT approach successfully to cage-like mesopore silicas such as SBA-1, SBA-2, and SBA-12. 70 Moreover, the NLDFT predictions of equilibrium and spontaneous capillary condensation transitions for pores wider than 6 nm were well approximated by the macroscopic equations of the Derjaguin-Broekhoff-de Boer theory, 391 43 while the results of the traditional Cohan equation (BJH method) were shown to be signi cantly in error.
In spite of the recent progress in the theoretical understanding of sorption phenomena, certain issues of sorption are still unclear: 52 In contrast, other types of mesoporous silicas show a steep decrease in the desorption curve. 721 73 Recent NLDFT studies were able to shed some more light on the hysteresis phenomenon. It was concluded that in the range of pore sizes greater than 5 nm, for MCM-41-like materials the experimental desorption branch corresponds to equilibrium evaporation, while the capillary condensation branch corresponds to spontaneous (spinodal) condensation. 521 69 Similar results were obtained for cage-like pores in siliceous materials. 70 Froba and co-workers carried out a systematic study of adsorption/desorption phenomena in MCM-48 by using different gases such as nitrogen, argon, and krypton at various temperatures. 71 It was concluded that hysteresis is a function of the pore size and the temperature. 2 . The simultaneous presence of mesopores and irregular micropores in the walls, as shown for SBA-15 and other silicas obtained from PEO-containing templates, severely impedes the evaluation of surface areas and the quanti cation of the micropore volumes. Although it was shown that the use of comparative plots underestimates the microporosity, 521 73 t-plots and -plots are still frequently used for these materials. 51 3. The dependence t4p=p 0 5 is still a matter of discussion because of the lack of independent techniques for determining lm thicknesses, and usually reference data from nonporous materials are used. 74 An exact knowledge of t4p=p 0 5 is needed for the determination of mesopore sizes by classical methods and for testing DFT models. Smarsly et al. have determined t4p=p 0 5 by a combination of nitrogen sorption and small-angle neutron scattering. 73 In mercury porosimetry (MP), gas is evacuated from the sample, which is then immersed in mercury, and an external pressure is applied to gradually force the nonwetting mercury into the sample. By monitoring the incremental volume of mercury intruded for each applied pressure, the pore size distribution of the sample can be estimated in terms of the volume of the pores intruded for a given diameter D. The evaluation of pore sizes from MP is based on the Washburn equation, quantifying the pressure p required to force a nonwetting uid into a circular cross-sectional capillary of diameter D. 751 76 MP allows the determination of PSD between 3 nm and 200 nm and is therefore inappropriate for microporous materials but more suitable for pore sizes above ca. 30 nm compared with nitrogen sorption. As further parameters, the total pore volume V tot is accessible from the total intruded volume of mercury at the highest pressure determined, and the total pore surface S is calculated from S D 41=ƒ-cosˆ-5 R V tot 0 p dV . MP has inherent shortcuts in determining mesopore sizes, especially below 20 nm. During the measurement, high pressures used to force mercury into small pores may compress the sample. 77 Damage or compression of highly porous silica has been reported previously. 771 78 In addition, mercury porosimetry overestimates the volume of the smallest pores in the case of ink-bottle-shaped pores by the small openings. 
Electron Microscopy.
Electron microscopy (transmission electron microscopy (TEM) for micro-and mesoporous samples and scanning electron microscopy (SEM) for macroporous samples) is an indispensable tool for the investigation of porous materials. The biggest advantage of these techniques is that they deliver an optical image of the samples. However, an overview of these techniques is de nitely beyond the scope of this review. The interested reader is referred to the literature.
Diffraction Techniques.
Experiments using elastic X-ray and neutron scattering have turned out to be an invaluable tool for the characterization of various types of porous materials, providing quantitative parameters such as the pore size, surface area, and pore volume. In addition, diffraction techniques allow the determination of the shape and, in particular, the spatial distribution of the pores, for both highly ordered arrays such as in MCM-41 and a more disordered arrangement of pores, for instance in activated carbons. In the early 1900s, Max von Laue, W. L. Bragg, W. H. Bragg, and others laid the groundwork for X-ray crystallography, which has become a powerful method of visualizing complex inorganic and organic crystalline materials. [80] [81] [82] In spite of the variety of different diffraction techniques currently available, they all are based on the same physical phenomenon, namely the scattering of X-rays and neutrons by the atoms through their electrons or nuclei, respectively. In the Fraunhofer approximation, the interaction of X-rays with electrons leads to the superposition of the coherent scattering of the basic scattering centers (atoms, molecules, or pores), without changing the energy of the incoming X-rays ("elastic scattering"). The resulting coherent scattering pattern is directly related to the mutual position, size, and scattering power of these scattering units. For almost all types of nanoporous materials, no single crystal diffraction datum is obtainable, not even for the crystalline zeolites. Therefore, most of the most prominent types of nanoporous materials (zeolites, highly ordered mesoporous materials such as MCM-41 or SBA-type materials, and porous carbons) are studied in diffraction experiments as polycrystalline powders. In this case, the powder diffraction raw data are obtained as 1D plots of the coherent scattering intensity versus the scattering angle 2ˆ. Only in the case of thin porous lms with an oriented alignment of the pores relative to the substrate 2D diffraction can patterns be obtained. [83] [84] [85] [86] The main problem in analyzing scattering patterns of any kind of polycrystalline nanoporous materials lies in the extraction of a maximum of structural information: the highly advanced crystallographic strategies for the interpretation of 3D diffraction patterns of single crystals are not applicable, requiring different evaluation approaches, which will be brie y described in this section. Depending on the length scale of the pore size, two methods can be distinguished regarding both the experimental realization and the theoretical treatment. Basically, the characteristic length scale d describing the pore system and the corresponding diffraction angle 2ˆare related by the Bragg equation, s D 1=d D 42 sinˆ5=‹, where ‹ is the wavelength and s is the corresponding scattering vector.
Several excellent textbooks are available on the general principles of diffraction theory and experiments. [87] [88] [89] Zeolites and other crystalline porous materials with pore sizes below the nanometer scale, which are obtained as polycrystalline powders, are investigated by wide-angle scattering (WAS) techniques, for instance by standard powder diffractometers, which are usually equipped with a 1D detector. The WAS scattering from a polycrystalline porous material is given by
where Z4E s5 represents the 3D spatial distribution of the unit cell ("lattice factor"), and the electron distribution within the unit cell is described by the "atomic form factor" F 4E s5. The main dif culty in the interpretation of diffraction patterns of polycrystalline material arises from the spatial average "¢ ¢ ¢ " -, which leads to a loss of information compared with single crystals. Once the crystal structure has been solved, the pore size and shape are obtained from the atom coordinates. Substantial progress has been achieved in the structure determination of zeolites based on powder diffraction data, which may comprise up to 200 re ection peaks in the wide-angle diffraction region. For instance, in the FOCUS software developed by Grosse-Kunstleve and co-workers, an automatic Fourier recycling algorithm is combined with a specialized topology (framework) search speci c to zeolites. 90 In essence, this algorithm takes into account chemical information on the composition and structure that is common to all zeolite frameworks. For instance, the evaluation algorithm includes the feature that these open-framework structures can be described as 3D four-connected nets of tetrahedrally coordinated atoms (T-atoms; see Section 3.1.1). Recently this concept was applied successfully to various types of zeolites, such as ZSM-5 and cloverite. 91 Compared with zeolites, nanoporous materials with pores sizes above 1 nm are characterized by a more disordered spatial distribution of the pores and are studied by so-called small-angle scattering (SAS), with the use of either X-rays (SAXS) or neutrons (SANS). The evaluation of SAS data for porous materials is usually based on the approximation that the material can be regarded as a so-called two-phase system: in the case of X-ray scattering, basic theoretical considerations show that the SAS of such materials arises from the scattering at the void-solid interface and is related to the scattering contrast 4" 1 ƒ " 2 5 2 , where " 1 is the average electron density of the voids 4" 1 D 05 and " 2 represents the average electron density of the solid. The SAS of a suf ciently ordered nanoporous material with pores of a distinct shape is also given by Eq. (1), where the lattice factor Z has the same meaning as in wide-angle scattering, and the form factor F here corresponds to the shape of the mesopore/solid rather than the electron density of single atoms. [92] [93] [94] Polycrystalline mesoporous materials with a distinct pore shape and a well-de ned 3D or 2D alignment, realized in silicas of the MCM or SBA families, give rise to SAS patterns with a characteristic sequence of re ections ("peaks"). The pore structures of even the most highly ordered mesoporous materials show a considerably lower order and symmetry compared with zeolites, leading to a much smaller number of possible mesostructures and corresponding SAS patterns. Therefore, the SAS patterns of this limited number of possible regular mesopore structures and space groups can serve as " ngerprints," allowing an almost unambiguous assignment of a certain mesopore lattice structure, if a suf cient number of re ection peaks are obtained. In combination with TEM, SAXS experiments turned out to be a powerful technique for determining the alignment and structure in a variety of mesoporous MCM-and SBAtype materials and other structures (see Section 3.2). 95 As the main information, SAXS provides the crystallographic space group of the mesopore arrangement and the corresponding lattice parameter. While the 3D alignment of the mesopores can be obtained from the bare SAS peak positions, the determination of mesopore sizes from singlepeak analyses involves substantial uncertainties, because both the peak pro les and intensities can be substantially superimposed by various factors such as smearing, incoherent background scattering, the arrangement of the mesopores and background uctuations, and the presence of additional intrawall micropores. In particular, so far no satisfactory approach has been developed to quantitatively simulate the in uence of 2D and 3D disorder on SAS. Even highly ordered mesopore systems such as MCM-41 show a certain 2D displacement of the cylindrical mesopores on the hexagonal lattice, which together with the polydispersity of the pores may result in a nonnegligible overlap of the peaks, thus severely aggravating a meaningful pore size analysis. In recent studies, the SAS of MCM-41 and SBA-15 silicas was modeled and compared with experimental data; however, the peak analyses did not take into account the impacts mentioned above. [96] [97] [98] Figure 3 shows typical SAXS patterns of three representative silicas exhibiting different degrees of structural order and regularity. Curve D in Figure 3 is the SAXS curve of SBA-2 silica, which has a hexagonal, close-packed structure. 99 Aside from the mesoporous materials with a high degree of order in terms of a regular spatial distribution and a high uniformity of pore size and shape, SAS is also applied to mesopores showing a certain disorder in the mesopore alignment and a pronounced polydispersity of pore sizes, which leads to SAS patterns with only few broad re ections. 721 73 Smarsly et al. showed that the SAS of this type of material, possessing only a "liquidlike" local ordering of a system of polydisperse mesopores, can be reasonably approximated with the use of hard-sphere structure factors such as the Percus-Yevick approach. 73 Curve C in Figure 3 represents the SAXS curve of a mesoporous silica obtained from PS-b-PEO templates ("SE1010 silica"). 73 It is noteworthy that the SAXS data of both SBA-2 and SE1010 silica obey the Porod law, lim s!ˆs Fig. 3 , curve A), which is theoretically predicted for a two-phase system, where l p is the so-called Porod length and k is the Porod invariant. 921 93 Curve B in Figure 3 shows the SAXS curve of a porous silica with a disordered pore structure, templated with poly(ethylene oxide), also exhibiting the Porod asymptote at large values of the scattering vector s. 73 It is obvious from Figure 3 , especially from curves B and C, that different approaches are needed for the evaluation of SAXS data from pore systems showing a lower degree of uniformity.
A further challenge in the interpretation of SAS data from mesoporous materials is the presence of additional micropores (for example in SBA-15), located in the mesopore walls and created by the PEO chains after template removal. Impéror-Clerq et al. analyzed the SAXS data of SBA-15, assuming a "corona" of lower silica density around the mesopores caused by the intrawall micropores. 96 However, this approach suffers from the general problems of single-peak analyses.
A different approach for the evaluation of SAS data, without assuming a speci c model, was recently pursued by using the concept of the so-called chord-length distribution (CLD) g4r 5. g4r 5 is a statistical function describing the probability of nding a chord of length r that is a connector of two points on the solid-void interface. 1001 101 The only preassumption of this concept is the formal description of the pore system as a two-phase system, but no assumptions about the pore shape and distribution are needed. Therefore the CLD approach is most appropriate for disordered pore systems. The CLD evaluation method provides various useful structural parameters, such as the Porod length l p (which is the rst moment of g4r 5), from which an average pore size l pore and wall thickness l wall can be calculated by l pore D l p =41 ƒ "5 and l wall D l p =", where " is the volume fraction of voids. Furthermore, the inner surface area per unit volume S=V is related to l p via l p D 4"41 ƒ "5V =S. By applying the CLD method to mesoporous silicas, it was shown that PEO-containing templates result in a substantial degree of microporosity. In addition, this approach allowed the determination of the distribution of the size of the micropore, which was found to be ca. 0.8-1.8 nm in diameter. 721 73 A new and interesting experimental SAS technique for the investigation of mesoporous silica was introduced and developed by Hoinkis at the Hahn-Meitner Institute, Berlin. In this experimental setup, SANS is combined with in situ nitrogen sorption at T D 77 K. In essence, complete SANS curves are obtained during nitrogen sorption at arbitrary points on the isotherm, thus allowing the investigation of the subsequent steps of pore lling as a function of the pore size. 1021 103 The experiment takes advantage of the fortunate situation that the scattering contrast between amorphous silica and condensed nitrogen (at T D 77 K) is almost zero. Based on this method, the pore structure of various types of mesoporous silicas was studied. 731 104 In a similar experiment, Albouy combined a nitrogen sorption experiment with in situ SAXS, 105 which faces certain problems in the data interpretation because of the situation of a multiphase system with respect to the electron densities of silica, liquid nitrogen, and voids.
SAS techniques are also applied intensely to elucidate microporous carbons. In this case, the pore structure is characterized by a signi cant degree of polydispersity in pore size and shape and an irregular spatial distribution of the micropores. Various evaluation methods have been used to determine the micropore size from SAXS. Whereas in certain studies the evaluation is based on a dilute system of polydisperse spheres, the application of the CLD concept has shown that the micropores in carbons are more consistent with an accute, needle-like shape. In addition, recent detailed SAXS studies indicate that the apparent fractal structures reported for certain microporous carbons [106] [107] [108] [109] are due to a misinterpretation of SAS data. 110 Instead, Ruland and others have shown that the CLD concept provides an appropriate method for elucidating the microporous structure of carbons both qualitatively and quantitatively. [111] [112] [113] [114] Based on this method, the changes in the porosity that occur with typical physicochemical processing such as thermal treatment could be described by various structural parameters such as the average pore size, wall thickness, and angularity of the micropores. For example, SAS experiments revealed that the thermal treatment of carbons above ca. 1200 C leads to an increase in the average pore size. 115 In a recent study, the changes in the void-solid microstructure due to these treatments were studied by a combination of SAXS and WAXS. 
Positron Annihilation.
In the past 20 years, positron annihilation lifetime spectroscopy (PALS) has been developed into a powerful tool for the detection and quanti cation of defects on the atomic scale in various types of solids. PALS is sensitive to different kinds of defects, such as dislocations and vacancies in metals or crystals, grain boundaries, and voids and pores. Similar to scattering techniques, PALS is a noninvasive technique and thereby allows the detection of inaccessible pores. In the area of micro-and mesoporous materials, PALS is predominantly applied to porous polymers and thin porous lms. PALS is based on the decay of positrons into two ƒ photons ("annihilation") and has been described in various publications. [117] [118] [119] [120] [121] With 22 Na as the radioactive source, the formation of positrons 4‚ C 5 by radioactive decay is accompanied by the simultaneous emergence of a ƒ-quantum of 1.273 MeV, which de nes the starting signal of the positron lifetime measurement. Entering the sample, the positrons lose their high energy by inelastic collisions with electrons. These "thermalized" positrons have energies on the order of a few meV, form positroniums (Ps, the electron-positron bound state), and diffuse through the solid until annihilation after their speci c lifetime in the solid, which is measured as the time difference between the creation of the 1.273-MeV ƒ-quantum and the annihilation radiation (two 511-keV ƒ rays). The natural lifetime of Ps of 142 ns is reduced by annihilation with electrons during collisions. The lifetimes, the inverse of the annihilation rates, become longer when a positron or positronium is localized at spaces with lower electron density such as voids.
Thus, positrons can be used as a probe to investigate average sizes of the free volume, size distribution, and the free volume concentration by measuring their lifetimes. 122 The raw data of PALS are plots of the annihilation radiation signal as a function of time. In the case of defect concentration porosities that are not too high, there will be at least two or three lifetime components ' i in the spectra, which are usually analyzed as a sum of exponentials after background subtraction. Furthermore, the spectra can be deconvoluted with CONTIN software. 1231 124 Basically, PALS allows the calculation of both the porosity and the pore size distribution. Since the determination of pore size distributions is based on the trapping of positrons in voids of varying size, PALS was reported to lead to a single, average lifetime in the case of interconnected pore systems. 122 The fundamental problem in the evaluation of PALS data lies with the exact relationship between the intensity of the long-lived components of a PALS spectrum and the concentration of the voids of a certain size, which is still a matter of intense research. [125] [126] [127] For nonperiodic solids, a frequently applied model was developed by Tao 127 and Eldrup. 128 The extention of PALS to voids larger than 1 nm causes further uncertainties and is subject to ongoing research. 1261 
Mercury Porosimetry.
In mercury porosimetry (MP), gas is evacuated at elevated temperatures and low pressures from the sample placed inside a pressure chamber. Subsequently the sample is immersed in mercury and an external pressure is applied to force mercury into the sample. By gradually increasing the pressure and monitoring the incremental volume of mercury intruded for each new applied pressure, the pore size distribution of the sample can be estimated in terms of the volume of the pores intruded for a given diameter D. Mercury is a nonwetting uid at room temperature for most porous materials of technological interest. The evaluation of pore sizes from MP is based on the Washburn equation, quantifying the pressure p required to force a nonwetting uid into a circular cross-sectional capillary of diameter D by p D 44ƒ cosˆ5=D, 751 76 where ƒ is the surface tension of mercury andˆis the contact angle on the surface of a solid sample. MP allows the determination of average pore sizes (and their distribution) between 3 nm and 200 nm and is therefore inappropriate for microporous materials, but more suitable for pore sizes above ca. 30 nm than nitrogen sorption. As further parameters, the total pore volume V tot is accessible from the total intruded volume of mercury at the highest pressure determined, and the total pore surface S is calculated from S D 1=ƒ-cosˆ-
p dV . Because of inherent shortcuts MP is not used as frequently as gas sorption techniques for samples with mesopore sizes below 20 nm. During the measurement, high pressures used to force mercury into small pores may compress the sample. 77 Damage or compression of highly porous silica has been reported previously. 771 78 In addition, mercury porosimetry overestimates the volume of the smallest pores in the case of ink-bottle-shaped pores, because the intrusion of mercury into the larger pores is determined by the small openings. 79 Moreover, it has to be pointed out that pore size distributions by the Washburn equation are not a geometrical relationship, but a physical characteristic of a porous medium, because MP is based on transport and relaxation phenomena.
GENERAL STRATEGIES FOR PRODUCING POROUS MATERIALS OF ANY KIND
The most successful way to produce all sorts of nanoporous materials is the templating method, shown schematically in Figure 4 . An organic (or sometimes inorganic) compound acts as a place holder what later becomes a void space in nanoporous materials. The templating concept obviously allows control, mainly of the criterion of pore size but also pore shape. At rst, a suitable template structure has to be provided (see Fig. 4a) . By "suitable" we mean that this template structure must constantly be compatible with solvents involved in the process and the nal network materials. Macrophase separation must be avoided at all times. As was pointed out previously, the creation of a (2), followed by assemblies of amphiphiles as micelles (3) or lyotropic phases (4), followed by polymeric spheres (5) or assemblies of spheres (6). These units are surrounded or bonded to the network precursor systems in the actual templating step (b). The created pore resembles the size, shape, and even functional characteristics of the template in an ideal case. Finally, the template is removed. Therefore, it is possible to tune the properties and most importantly the size and interconnectivity of the pore and pore system in the order (1)-(6).
porous material is always connected to the creation of a high surface area. In other words, the interface energy between the template structure and the network material despite this huge interface area has to be smaller than kT. Otherwise the material can rearrange into more stable, nonporous phases.
The template structure can have sizes on many different length scales. The smallest pores are achieved for molecules as templates (Fig. 4a1) . The pores created have a shape and size similar to those of the molecules used. The pores can be spatially uncorrelated with each other. In this case one speaks about molecular imprinting. [141] [142] [143] Molecular imprinting is even successful for organic materials used to build networks and is therefore very often used for imprinting biomolecules to a matrix for biochemical applications.
321 1411 143-146 Section 4 brie y covers some aspects of nanoporous polymers created by molecular imprinting. Highly ordered materials with pores that have a correlation with each other are found for zeolitic materials. The most prominent examples for zeolites are found in silica chemistry, and there are some naturally occurring compounds. The eld of zeolites will be discussed in more detail in Section 3.1. 2. Here it is enough to mention that primarily amines and ammonium cations as templates determine the formation of pores in the range of 1 nm to 1.5 nm. The materials have high symmetry and a crystalline framework.
Larger pores can now be achieved by assemblies of molecules forming templates. Here assemblies of amphiphiles ( Fig. 4a3 ) are ideal because of their selforganizing properties and their capability for lowering interface energy. An amphiphilic molecule ( Fig.  4a2 ) typically has one hydrophilic and one hydrophobic part, which tend to lead to microphase separation. 1 The resulting template structures are micelles or ultimately lyotropic phases with different possible symmetries (lamellar, hexagonal, or gyroid, as depicted in Fig.  4a3 ). Materials with pores on the order of 2-50 nm (so called mesoporous materials) result, with a sometimes surprisingly high order. The formation of ordered mesoporous materials is described in further detail in Section 3.2. Alternatively hydrophilic polymers can be adopted as templates, which is not further considered in this article. 721 147-151 Even larger pores are obtained when polymer spheres or colloidal crystals of these sphere are used as templates. The resulting materials are discussed in some detail in Section 3.4. 4 tetrahedra, where T represents a tetrahedral atom (i.e., Si or Al). The rst natural zeolite mineral (stilbite) was discovered in 1756 by Cronstedt, who found that the mineral loses water rapidly on heating and thus seems to boil. 152 The name zeolite is derived from the Greek words zeo (to boil) and lithos (stone). Since Cronstedt's time, about 50 natural zeolite species have been discovered, but their potential for adsorption/separation science did not come to fruition until the twentieth century. In 1932, McBain recognized that activated or dehydrated chabazite has the property of functioning as a sieve on a molecular scale, only adsorbing molecules with less than certain critical dimensions. In light of this selective sorption, he introduced the designation "molecular sieve" to describe this selective adsorption.
INORGANIC POROUS MATERIALS
A representative empirical formula of a zeolite is
where M represents an exchangeable cation of valence n. M is generally a group I or II ion, although other metal, nonmetal, and organic cations may also balance the negative charge created by the presence of Al in the structure. The framework may contain cages and channels of discrete size, which are normally occupied by water. 153 In addition to Si and Al, other elements can also be present in the zeolitic framework. They need not be isoelectronic with Si 4C or Al 3C , but must be able to occupy framework sites. Strictly speaking, only alumosilicates are referred to as zeolites. For example, the AlPO 4 framework consists of Al 3C and P 5C oxide tetrahedral in perfect alternation and therefore can be considered as the "3-5" analogue of the "4-4" pure SiO 2 . 153 However, AlPO 4 's, element-substituted AlPO 4 's, and other molecular sieves with framework T atoms other than silicon and aluminum are not zeolites.
unit" are linked by oxygen atoms. The topology of the framework can be described in terms of a nite number of speci c combinations of tetrahedral sites called "secondary building units" (SBUs). Zeolite frameworks are built up by one SBU type only. The framework topology can be considered to be made up by "tertiary" building units corresponding to different arrangements of the SBUs in space. For example, sodalite, zeolite A, and zeolite Y can all be generated by the truncated octahedron known as the "beta cage." 157 In essence, the SBUs join to form zeolite channels known as oxygen windows that pass through the zeolite. It is the way in which these SBUs join together that gives rise to the huge number of different zeolites with intriguing properties. Although the aluminum content in zeolites can be equivalent to silicon, no Al-O-Al linkages have been observed in zeolites. Loewenstein attributed the absence of Al-O-Al linkages in tectoalumosilicates to the decreased stability of clusters of negative charges compared with isolated negative charges 163 ; therefore Si/Al ¶ 1 for zeolites. To provide a suitable classi cation of zeolite framework types, a topological description was introduced by Meier and Moeck, who established the concept of "coordination sequences," 164 corresponding to the numbers of T atoms in the rst, second, etc. tetrahedral coordination sphere of each topologically nonequivalent T site. The sequence of these numbers is characteristic for the different framework topologies and has turned out to be useful for determining the degree of similarity between different zeolites. Based on the IUPAC nomenclature for zeolites and analogues, framework types of different topologies are described by a three-letter code, representing all variants of a framework with a distinct topology, regardless of the chemical composition and cell dimension. 165 For example, the sodalite structure is referred to as SOD and the zeolite Y structure as FAU.
In conclusion, the characteristic features of zeolites and analogues are a high surface area (about 1000 m 2 /g), the highly ordered micropore channel system with uniform pore sizes and shape, and the presence of charges and ions at well-de ned sites in the framework. The wellde ned pore system results in the molecular sieving property, excluding molecules with a too large kinetic diameter from the pore system. The presence and the particular distribution of the charges and ions create a speci c electric eld within the framework, which permits the control of hydrophilicity and the introduction of ion-exchange properties.
Zeolites have found widespread applications as dehydrating agents, selective adsorbents, ion exchangers, and, most importantly, catalysts of both high activity and selectivity for a huge number of different reactions. 153 Among various other applications, zeolites are used for the drying of refrigerants, removal of atmospheric pollutants such as SO 2 , cryopumping, separation of N 2 and O 2 , separation of paraf n hydrocarbons, recovery of radioactive ions from waste solutions, catalysis of hydrocarbon reactions, and curing of plastics and rubber. Certain zeolites show a strong Bronsted acidity.
Molecular sieves are selective, high-capacity adsorbents because of their high inner surface area and their strong interactions with adsorbates. The separation of molecules occurs on the basis of their size and shape relative to the size and geometry of the apertures of the sieve. Furthermore, the polarity of the adsorbates is a crucial parameter: for example, the separation of N 2 and O 2 in air on zeolite A, due to the fact that N 2 has a quadrupole moment different from zero. 153 The most important application of molecular sieves is their use as catalysts, because zeolites combine a high acidity with shape selectivity, high surface area, and high thermal stability. Based on these properties, zeolites are used to catalyze a huge variety of hydrocarbon reactions, such as cracking, hydrocracking, alkylation, and isomerization. In these reactions, the reactivity and selectivity of the zeolites are determined by the charge imbalance between the silicon and aluminum atoms. One of the most famous examples of the industrial application of zeolites as catalysts is the isomerization of o-xylene to p-xylene, which is achieved by the use of ZSM-5, a zeolite with orthorhombic symmetry and an intersecting 2D pore structure. 1661 167 The zeolites of the ZSM-5 family have a high Si/Al ratio and two types of pores, both formed by 10-membered oxygen rings. The rst of these pores is straight and elliptical in cross section; the second pores intersect the straight pores at right angles, in a zigzag pattern, and are circular in cross section. The size of these pores allows only the diffusion of molecules of a certain size through the channel system. While the conversion of o-xylene into p-xylene is usually accompanied by transalkylation reaction, yielding toluene and trimethylbenzene, a high isomerization-to-disproportion ratio is observed with ZSM-5 catalysts. 168 This selectivity is due to the fact that the pore size matches the diameter of xylene molecules. Moreover, ZSM-5 zeolites (see Fig. 5 ) are widely used for MTG (methanol-togasoline) processes. 1691 170 Although the mechanisms are not fully understood in detail, ab inito calculations have started to shed some light on these processes. [171] [172] [173] [174] A wide variety of processes have been developed for the synthesis of zeolites, which is described in detail by Davis and Lobo. 159 In essence, the zeolite syntheses, introduced in the 1940s, involve a hydrothermal process in the presence of a large excess of water and the use of reactive alkali/alkaline-earth aluminosilicate gels at comparably low temperatures (about 100 C) and autogeneous pressures. 175 This synthetic pathway is supposed to be based on the structure-directing effect of hydrated alkali-metal cations, controlling the organization of zeolite subunits and a solution-mediated crystallization of the amorphous gel. The use of alkylammonium cations in the zeolite synthesis represented a signi cant improvement. Organic cations such as tetramethylammonium (TMA C ) made it possible to achieve a signi cant increase in the Si/Al ratio in zeolites such as A, X, and Y. 176 Since the pioneering work of Barrer, the use of organic materials in zeolite syntheses has been strongly expanded, and new zeolite structures have been obtained. As representative examples, ZSM-5 and ZSM-11 are synthesized at high pH (usually >10) with the use of tetrapropylammonium and tetrabutylammonium cations, respectively. A further major step in the synthesis of molecular sieves was the synthesis of aluminophosphate molecular sieves (AlPO 4 ) by Wilson et al. 1541 177 Meanwhile, AlPO 4ƒ5 can be synthezied with more than 20 different organic amines, for example, quaternary ammonium cations, diamines, cyclic amines, etc. 159 The only aluminophosphate that can be prepared without organic structure-directing molecules is VPI-5. 1781 179 In contrast to zeolites, the synthesis of AlPO 4 is carried out under acidic or only slightly basic conditions. Since 1982 several new types of molecular sieves, based on AlPO 4 , have been synthesized, including aluminophosphates, silicoaluminophosphates, 180 metalloaluminophosphates, and metallosilico-aluminophosphates. [181] [182] [183] [184] Several applications have been developed for aluminophosphate-based molecular sieves, for example, as hosts for laser dyes, 185 photoswitchable dyes and uorescent dyes, 186 catalysts, 187 and hosts for chemical sensors. 188 In spite of these advances in the synthesis of zeolites, it is not possible to "design" zeolites in the true sense of tailoring a certain recipe with regard to predened desired properties of the nal molecular sieve. Furthermore, the details of the mechanism of zeolite synthesis are still a matter of discussion. 159 In principle, two pathways have been proposed for the zeolite synthesis mechanism. In the "solid-solid transformation mechanism," crystallization occurs directly from the amorphous gel through a reorganization of the gel. 1591 189 Xu et al. were able to establish a nonaqueous synthesis of ZSM-5, which was shown to follow a solid-phase transformation mechanism. This mechanism for ZSM-5 was con rmed in further studies. [190] [191] [192] In the "solution crystallization" or "solution-mediated transport" mechanism, small species such as aluminate, silicate or aluminosilicate ions diffuse from the liquid phase to nucleation sites of crystal growth. 1591 193 It is assumed that an equilibrium exists between the solid-gel phase and the solution and that the nucleation takes place in the solution. The gel is supposed to dissolve, and the dissolved entities diffuse to the nucleation sites in the solution. Several studies indicate that some zeolites can be synthesized by either of the mechanisms [190] [191] [192] and that zeolites can also be crystallized from a single-solution sytem without gel phase. 194 It was also proposed that in certain cases the two types of mechanisms may occur simultaneously. 159 Since most of the molecular sieves are prepared under nonequilibrium conditions, zeolites are metastable systems. The synthesis of aluminum-rich zeolites from aluminosilicate gels follows Ostwald's law of successive transformations, which states that a metastable phase is replaced by a thermodynamically more stable phase, etc., until the most stable phase is developed. However, this rule does not apply if organic cations such as TMA C are added, which may not lead to the formation of the thermodynamically most stable zeolites. 195 Moreover, the role of organic molecules in creating the uniform cage and pore structure is not fully understood, particularly regarding their function as "space ller," "structure-directing agent," or a "template" in the true sense during the gelation or nucleation step, which is discussed in detail by Davis and Lobo. 159 For example, the fact that at least 22 different organic molecules can be used to synthesize ZSM-5 shows that in this case the organic molecules act as space llers rather than as a structure-directing agent. So far, only one case is known where an organic molecule acts as a true template. 196 Since a detailed description of the current research is beyond the scope of this overview, only a few interesting novelties in this eld can be presented here. 1601 162 A great deal of work has been attributed to the development of zeolites with larger pore sizes. The aluminophosphate VPI-5 represents a substantial improvement in this direction. 197 In general, large pores can be realized if the cages contain rings with more than 12 T-group oxygens making up the pore. VPI-5 has circular 1D channels with a pore diameter of 1.2 nm, which signi cantly exceeds classical zeolites such as zeolite A or Y. Aside from VPI-5, various other large-pore aluminophosphates, 198 metal phosphates, 199 and high-silica zeolite 200 structures have been reported. A further important improvement in zeolite science is the incorporation of zeolites into hierarchical structures. Meanwhile, molecular sieves can be prepared as hollow spheres, [201] [202] [203] tubes and bers, 204 freestanding lms, 205 supported lms, 206 and thin lms and layers. 2071 208 Oriented zeolite lms were also reported recently. [208] [209] [210] The application of zeolites as low dielectric lms represents a further topic of industrial signi cance. 211 An important example of progress in the eld of crystalline microporous materials is the development of "metal-organic frameworks" (MOFs), introduced by Yaghi and co-workers. [212] [213] [214] These materials are made up by the coordination of metal ions to organic linkers, thus creating highly porous metal-organic architectures with substantial thermal stability up to 300 C. MOFs have the lowest density of all crystalline materials. 2141 215 Although MOFs can still not compete with zeolites in terms of mechanical and thermal stability because of the large content of organic moieties, several interesting niche applications can envisioned. For instance, MOFs were reported to show catalytic activity 216 and to have a high methane storage capacity. 214 
Carbon.
Carbon is found in nature in its chemical allotropes of graphite and diamond and occurs in a large variety of man-made species such as activated carbon, glassy carbon, carbon bers, etc., which have been developed for a huge diversity of applications. In spite of the large number of different materials, microstructures of most of the porous carbons are derived from the graphite structure. Graphite is a crystalline material and consists of a succession of layers parallel to the basal plane of hexagonally linked carbon atoms. In this lattice, the interatomic distance within a layer is 0.1415 nm and the interlayer distance between the planes is 0.3354 nm.
In contrast to graphite, "nongraphitic" carbons are characterized by a random translational and rotational disorder of the planes ("graphenes"). The matrix structure of these materials is based on graphenes of nite size L a and graphene stacks of nite height L c , which possess a pronounced variance in the interlayer spacing d. Carbons with this particular kind of structural disorder are also called "turbostratic." 217 Moreover, in turbostratic carbons the graphene layers show a signi cant variability in their shape and may also be bent (Fig. 6) . Nongraphitic porous carbons such as activated carbons contain a twisted network of defective graphene layers, cross-linked by aliphatic bridging groups. The substantial porosity in these materials arises from the imperfect packing and bending of the layers (Fig. 6) ; the imperfect space lling of this packing results in microvoids/micropores of needle-like shape. It was previously shown that the boundaries of the micropores are mainly formed by the at surfaces of the layers. 1141 218 The structure of porous carbons on the nanometer scale was elucidated by X-ray diffraction techniques and electron microscopy techniques (for an overview see, for example, Ref. 219) . While electron microscopy studies of nongraphitic carbons suffer from both the low contrast of carbon and considerable disorder in the structure, SAXS and WAXS have provided deeper insights into the graphene structure and porosity. In particular, Ruland and co-workers have carried out detailed SAXS studies on various types of microporous carbons and described the changes in the porosity upon certain treatment procedures.
1111 1141 1151 2201 221 In these studies, the concept of the "chord-length distribution" has turned out to be an appropriate quantitative characterization of carbonaceous pore structures possessing a pronounced dispersity in the pore size and shape. Whereas several SAXS studies claimed that certain porous carbons contain a fractal pore structure, 1061 107 recent detailed SAXS studies indicate that this apparent fractality is due to a misinterpretation of SAXS data. 1101 
112
The graphene stacks lead to diffuse maxima in WAXS curves, which are due to the translational and rotational disorder. With the application of suitable evaluation techniques, these data can provide a variety of structural parameters describing the size and disorder of the graphenes and the graphene stacks, 222 particularly those data based on a recently reported improved method. 116 Certain materials such as tar pitch can be converted into crystalline graphite ("graphitizable carbons") by appropriate temperature treatments up to 2600 C. The most common synthetic graphites are usually manufactured as composites in which ground petroleum coke is mixed into a paste with a coal tar pitch and then heat treated to around 1200-1400 C in a calcining step to coke the pitch and drive all volatile material from the petroleum coke. Further heating to 2500-3000 C causes an ordering of the carbon atoms to graphitize the mixture into a true graphite. 223 For other precursors such as poly(acrylnitrile) (PAN), almost no complete graphitization is possible, even at the highest possible treatment temperature. 220 A large variety of organic materials, such as wood, coconut shells, coal, synthetic polymers such as (PAN) and phenolic resins, and small organic molecules such as furfuryl alcohol, produce porous carbons upon suitable carbonization and activation processes. Among the most prominent porous carbons are charcoals, carbon blacks, carbon bers, glassy carbons, and various types of activated carbons. 2241 225 Charcoals are obtained from various sources such as wood, coconut shells, etc., and probably represent the class of porous carbons that has been used most extensively through the history of mankind. The medicinal use of charcoal is recorded as early as 1550 BC by the ancient Egyptians, though it was only in the latter part of the eighteenth century that its adsorbent powers were scienti cally studied and it became possible to prepare it in a pure state, primarily as an antidote to poisoning. However, it does have many uses beyond the medicinal. It is found in the puri cation system of our drinking water, in air conditioning systems to remove odors, in linings for gas masks, and in nuclear power stations, where the charcoal adsorbs and holds radioactive contamination until the isotope decays. A variety of different activation processes have been developed to optimize the surface area (up to 2500 m 2 /g) and the pore structure.
2261 227
Glassy carbons, also known as "vitreous" or "polymer" carbon, are obtained by thermal degradation of phenolic resins under an inert atmosphere at heat treatment temperatures between 600 C and 3000 C. 228 The name is derived from the glass-like appearance. Glassy carbon contains inaccessible nanometer-sized voids, which are also separated from each other. Because of this inaccessibility of the voids, GC is almost impermeable to liquids and gases, and the pore structure could only be investigated by SAXS techniques.
1151 2291 230 This closed porosity can be opened by suitable activation procedures and creates a material with a sandwich-like structure, which can be used in electronics devices such as power density double-layer capacitors. 2311 232 Carbon black represents a class of intensely black, nely divided forms of nongraphitic carbon with speci c surface areas of up to 500 m 2 /g, usually obtained as soot from partial combustion of hydrocarbons. 224 It is used as a reinforcing agent in automobile tires and other rubber products, but also as extremely black pigment of high hiding power in printing ink, paint, and carbon paper. The applications are dependent on the physical properties, particularly the size of the primary particles and the surface area. The most common method of producing carbon black is the furnace process. Brie y, this involves the partial combustion of a carbon-based fuel under rich conditions, resulting in the production of soot or carbon black.
The designation "activated carbon" does not refer to a particular material or morphology, but is related to activation processes applied to precursor materials. Usually activated carbons are produced from natural materials (wood, coconut shells, etc.), coal, or polymers by a twostep process involving carbonization and activation. 2241 233 The surface area, dimensions, and distribution of the pores depend on the precursor and on the condition of carbonization and activation. Various physical activation treatments have been developed, such as heat treatment in an inert atmosphere (up to about 900 C) or in a water vapor atmosphere ("steam activation"). In chemical activation processes the carbon precursor material is mixed with certain chemicals such as zinc chloride, phosphoric acid, barium chloride, or KOH and then heated in an inert atmosphere up to temperatures of 1000 C. The exact mechanisms of the chemical treatment are still unclear; it has been suggested that the chemical activation involves dehydration of the organic material, leading to carbonization. SAXS studies have shed some more light on the changes in the microstructure of microporous nongraphitic carbons upon temperature treatment. In essence, the thermal treatment leads to an improvement of the packing of the graphene stacks in terms of a decrease in the variance of the d-spacing and an increase in the average number of graphene layers per stack. Simultaneously, the graphene size L a also increases. Based on carefully performed SAXS studies, it was demonstrated that these changes in the matrix structure are accompanied by an increase in the average pore size and a substantial enlargement of the inner surface area. 1121 220 The latter phenomenon is the main reason for performing activation treatments and has led to the enormous industrial importance of activated carbons.
Aside from zeolites, activated carbons represent the class of porous materials with the highest industrial signi cance, partly because of their comparably low production costs. The most important applications are separation of gases, puri cation, and catalysis. Activated carbons are widely used to separate and clean gases, as in the separation of nitrogen and oxygen, and the separation of hydrogen in the recycling of off-gas from coke ovens and from ammonia. Furthermore, activated carbons are used to separate ole ns from isoprene and butadiene and other hydrocarbon gases. 234 The standard processes applied for gas separation are "pressure swing adsorption" and "vacuum swing adsorption". [235] [236] [237] Various applications of activated carbons have been developed in spite of certain drawbacks, such as the low inherent acidity compared with zeolites. As exemplary implementations, activated carbons are used for the isomerization of meta-xylene, as a co-catalyst for Fischer-Tropsch reactions, 238 and for hydrogen sul de oxidation. 239 A recently established process provides the cyclic dimerization of 1,3-butadiene to produce vinyl cyclohexene in a Diels-Alder reaction. 240 A further type of important porous carbon is carbon bers, which can be obtained from the pyrolysis of PAN. The structure has been investigated intensively in several SAXS studies; an extensive overview was presented by Ruland. 241 Porous carbons can also be prepared from mesophase pitch, which is not described in further detail here. 242 While the basic features of the structure of porous carbons have been elucidated in the past 40 years, the current research in this eld is focused on the details of pore structure 112 and chemical composition. The different kinds of porous carbons still contain noncarbon elements, particularly hydrogen and oxygen, which, for instance, determine the inherent acidic and basic properties of activated carbons. The acidic behavior is associated with oxygen surface functionalities such as carboxyl, lactone, and phenol groups, which are located at the edges of the graphene layers. 243 However, a wide range of oxygen surface functionalities can be envisioned, and a better understanding of their role in heterogeneous catalysis is needed. In recent studies, the attempt was made to get deeper insights into the nature of the oxygen species by various techniques such as UV-vis spectroscopy, inelastic neutron scattering, 2441 245 X-ray photoelectron spectroscopy, 246 and titration methods.
2471 248
Further progress has been achieved in the preparation of new types of microporous carbons. Recently, the synthesis of ordered microporous carbons was reported, based on the use of zeolites as a template. 2491 250 Although the zeolite structure is not completely preserved, it was shown that these microporous carbons possess a high surface area and exhibit a long-range micropore order, as proved by X-ray diffraction.
Although carbon nanotubes (CNs) may not be regarded as true porous carbon materials, it seems justi ed to include them in this class because of their inherent porosity provided by the hollow nanotube cylinders. Much interest has been attracted by CNs since their discovery. 251 Two distinct types of CN have been produced: single-wall CNs (SWNTs) consist of a single graphite sheet wrapped into a cylindrical tube. Concentric multiwalled nanotubes (MWNTs) represent concentrically nested coaxial tubes ("Russian doll" structure). Furthermore, MWNTs can exist in the form of rolled-up carbon sheets (scroll structure). 252 Potential applications of CNs have been reviewed recently by Baughman et al. 253 
Mesoporous Materials
As described before, mesoporous materials have pore sizes in the range between 2 nm and 50 nm. If a high porosity (larger than 50%) for a material can be achieved, porosity on the mesoscale is always equivalent to a high surface area. For instance, a material that has 80% spherical 5-nm voids can theoretically contribute a 480 m 2 /g mesopore surface area. However, one very important differentiation has to be made: whether the pore system is ordered. The typical features of an ordered pore system are that the pores are monodisperse in size and have a speci c shape and a mutual 3D correlation between the pores. When, on the other hand, a template above its percolation threshold has been applied, disordered pore systems result. Both of these classes of materials (ordered or disordered) are highly important for practical applications, as in sensing, 2541 255 catalysis, 2561 257 dielectric coatings, [258] [259] [260] and, of course, typical molecular sieve applications.
261-264
Next we focus mainly on materials with ordered pore systems because it is believed that the properties of these materials can be designed to a very high degree.
Silica.
The highest degree of perfection in design has so far been achieved for ordered mesoporous silica materials. As described in more detail later, ordered mesoporous silica materials can be obtained that have a variety of pore sizes (2-80 nm), a variety of pore shapes (from spheres to lamellae), and a variety of surface properties. This makes ordered mesoporous silica materials a very active eld of research. In 1992 Beck, Kresge, Vartuli et al. published their work about the rst ordered mesoporous silica material, the so-called MCM- 41 . 951 265 These two publications have caused an incredible research interest during the last 10 years. In the original synthesis a molecular or colloidal silica source, a cationic surfactant, and basic, hydrothermal conditions were used. One obtains a powdered product with tiny, ordered-mesostructured particles. Interestingly, the preparation of MCM-41 was already published in a patent by Chiola et al. 266 in 1971, but the unique material characteristics have remained undiscovered. This should not detract from the achievements of Beck et al.; it should just demonstrate the importance of re ned analytic methods in the eld of ordered mesoporous materials.
Before major achievements and the state of the art in this eld are presented, one might ask the more general question, why is it that for silica in particular such a marked improvement could be made?
There are three main reasons that have to be considered:
1. Silica can be produced by sol-gel methods. The precursors used are not very reactive despite other precursors for oxidic materials such as titania, tin oxide, etc. This makes the silica sol-gel process very easy to control. Alkoxysilane compounds are used in most cases. The general process that is going on is given by the following reaction scheme:
Furthermore, there has been a great deal of investigation into the silica sol-gel process, and nearly every detail is known. The description of the silica sol-gel process is beyond the scope of this article, but very good presentations can be found in the books by Iler and Brinker. [267] [268] [269] 2. The free energy of silica is very close to that of its most stable form, crystalline quartz. 270 Furthermore, the Si-O bonds are so strong that the silica sol-gel process has a highly irreversible character. Amorphous silica is stable over a very high temperature range and period of time. This means that the shape of silica can be formed at room temperature and then be retained practically inde nitely. Once more, this distinguishes silica from other oxidic materials where crystallization frequently leads to a restructuring in the network and therefore can destroy the mesostructure. 3 . Finally, the interactions between surfactants and amphiphiles as surfactants or block copolymers can be tuned because silica units are available in anionic, neutral, or cationic form, depending on the pH. Furthermore, the charge density on these silica precursors matches the charge density of the surfactant headgroups quite well. Silica precursors and amphiphiles are compatible. Figure 7 shows the formation mechanism of ordered mesoporous silica materials. There are two different pathways: (a) the synergistic co-assembly mechanism and Fig. 7 . Schematic representation of the mechanisms involved in the formation of hexagonally ordered porous materials within the scope of templating strategies. One pathway is characterized by an interaction of amphiphile and network precursor, leading to the nanostructured composite phase (synergistic co-assembly). In the other case, a template structure is formed at rst and imprinted precisely into a solid mold.
(b) the nanocasting or true-liquid crystal mechanism. The surfactant (hexadecytrimethylammonium bromide, CTAB, for instance) concentration that was used for the preparation of MCM-41 was way behind the critical micelle concentration 1 and extremely far from the lyotropic phase regime. It was therefore quite surprising in the beginning that MCM-41, with its hexagonal pore system mimicking a hexagonal liquid crystal, had formed. It is accepted in the meantime that the rst step in the formation of MCM-41 is an interaction between the cationic surfactant headgroup and anionic silica species (shown as black cubes in Fig. 7) . This special interaction between silica species and surfactant is generally denoted as S C I ƒ . If one considers the packing parameter
where V tail is the volume of the hydrophobic chain, l tail is its length, and a head is the surface the headgroup stabilizes, one realizes that the bonding of the silica species will modify the headgroup region. In principle this creates a new, silica-organic hybrid surfactant with a different packing parameter and therefore a different phase behavior. Davies et al. argued via 14 N-NMR spectroscopy that these new surfactants form cylindrical surfactant micelles that have at rst no mutual correlation to each other (see Fig. 7 ). 271 Then, by cross-linking of the individual micelles, ordering toward MCM-41 occurs. This mechanism was further supported by electron paramagnetic measurement (EPR) performed by Zhang et al. 2721 273 The model that is currently favored describes the formation of a lamellar system at rst. 274 The scientists around Stucky argued that then silica condensation occurs, which decreases the charge in the silica layers. Because the charge balance between the surfactant and the silica has to be equal at all times, the silica sheets bend farther and farther until just isolated cylinders in a hexagonal alignment remain, which is MCM- 41. 274-276 This process is known as charge density matching. When the recipe for the MCM-41 preparation is modi ed slightly, one can also obtain porous silica materials with different morphologies. The collection of these materials is called the M41S "family." There are MCM-41 (MCM D mobile composition of matter), MCM-48 with a gyroidal structure, 2771 278 and MCM-50 with a lamellar structure. In the case of MCM-50 it is not possible to remove the template because the pore systems of lamellar compounds will break down. The structure of MCM-48 is most intriguing (it has two independent pore systems), and there has been much effort toward developing good synthesis methods for this particular compound. [279] [280] [281] [282] To obtain MCM-48 the surfactant-to-silica ratio should exceed 1 274 ; ethanol originating from the silica precursor also plays a crucial role. 283 There are many other examples for the S C I ƒ approach, and sometimes, quite unexpectedly, new structures are obtained. However, the S C I ƒ pathway is not the only possibility for obtaining ordered mesoporous materials via the synergistic co-assembly mechanism. Every combination that results in an attraction between surfactant and silica source can be chosen in principle. There are also S ƒ X C I ƒ (counter-ion-mediated) and S C X ƒ I C (reverse charge matching) approaches. [289] [290] [291] But much more important and widely used is the neutral S 0 X 0 approach using non-ionic template systems. By adjusting the pH to 2 (the isoelectric point of silica) it is possible to obtain noncharged silica species. These species can interact with neutral templates (as non-ionic surfactant phases) via hydrogen bonding. 292 One of the big advantages of using neutral templates is that the interaction with the inorganic network is weak enough that extraction techniques instead of calcination can be applied to obtain the porous materials. 293 The rst attempt to use neutral amphiphiles was amines with ethanol as a cosolvent, 294 and except for some textural differences and a larger wall thickness, the MCM-41 structure type could be reproduced. 2951 296 A little later Pinnavaia et al. 2921 297 and, independently Göltner et al. 298 reported the rst examples of an ordered mesoporous silica material derived by alkyl (C 11ƒ15 )-polyethyleneoxide (PEO) surfactants. In contrast to MCM-41, which gives the best ordered materials under hydrothermal conditions, these new materials can be obtained in good quality under ambient conditions. 295 Often, the formation of neutrally templated silica materials takes a pathway different from the co-assembly that is valid for the M41S materials. Göltner et al. where the rst ones to use a high-concentration phase of used poly(ethylene glycol) alkyl ethers like C 12=16 (EO) 8 as a true liquid crystal template. 298 The resulting pore systems were imprints of the preceding lyotropic liquid crystal. Because there is a 1:1 relation between the template phase and the pores (see Figs. 7 and 4) as nicely shown for poly(butadiene)-poly(ethylene oxide) PB-PEO block copolymers, 2991 300 this process was also termed "nanocasting." 3011 302 While the synergistic co-assembly (MCM route) naturally leads to powder-like materials or, in the best cases, to larger particles, 303 the nanocasting makes it possible to produce monoliths (see Fig. 8 ) or thin lms.
This allows for the rst time the division of a macroscopic volume into well-de ned, nanometer-sized compartments. A crucial problem in maintaining the macroscopic and microscopic integrity of the materials is the removal of the template and drying of the samples. Calcination fails for the production of crack-free monolithic samples. Fortunately, the templates can be removed by liquid-liquid extraction. However, capillary stress due to evaporation 304 can very easily lead to cracks. Capillary pressures generated by a phase transition of the pore-uid to the gas state can be avoided by supercritical drying. 305 Cracks can be further avoided by adding silica bers to the sol used for the nanocasting process.
To extend the accessible pore sizes that could be achieved so far (º5 nm), the range of nonionic amphiphiles was extended toward block copolymers. Here, poly(styrene)-PEO block copolymers 3061 307 and pluronic (PEO-poly(propylene oxide)-PEO) 308 block copolymers as templates 309 were used, with pore sizes reaching 10 nm. The nanocasting approach can also be used to produce materials with ordered mesopores of a maximum size around 80 nm when suitable block copolymers are available.
2991 3001 310 Two nice examples of hexagonal pore systems obtained by block copolymer nanocasting are shown in Figure 9 .
When these materials are analyzed by nitrogen sorption analysis it is seen that the total surface areas can reach values as high as 1000 m 2 /g. Taking into account that a pure mesopore system can just contribute on the order of 400 m 2 /g and the already high uptake of gas for low pressures, it has to be concluded that these materials are microporous as well. This was a point of discussion for a long time because it was clear that the additional microporosity will affect the properties of the materials signi cantly. The micropores can contribute as much as 80% to the total surface area in some cases. 72 It is accepted in the meantime that the microporosity Fig. 9 . TEM images of two nice examples of hexagonally organized pore systems.
is caused by the PEO chain imbedded in the network matrix during nanocasting. 721 311-314 The hydrophilic PEO domains of the template are dispersed in the water/silicic acid mixture during the casting process and remain there when the network solidi es. When the materials are calcined, these imbedded, single polymer chains lead to micropores. The most comprehensive study so far on the nanocasting process and the creation of micropores was published by Polarz and Smarsly. 314 A quantitative relation between the size of the mesopore D c and the composition of the block copolymer used (length of hydrophobic and hydrophilic block) was derived. This dependence D c / N 004 hydrophobic N 0025 hydrophilic is described in more detail in Ref. 314 . From the dependence on both block sizes it is seen that a classical picture that describes the lyotropic crystal by phase-separated hydrophobic and hydrophilic parts might not be suitable. A so-called three-phase situation (see Fig. 10 ) describes the correlation between the template structure and the pore much more accurately. Only for relatively large hydrophobic blocks is all of the PEO needed to stabilize the interface, and then it creates microporosity. A fraction of PEO is always deposited on the hydrophobic core, which makes the actual size of the mesopore larger. It was quantitatively shown in this How pore sizes can be designed by using mixtures of amphiphiles as templates. The graph shows pore size distributions derived from sorption data.
paper 314 that the size of a pore depends in principle just on the average number of monomer units in the amphiphile.
This average number can be simply varied if one uses mixtures of amphiphiles (for instance a small and a large surfactant) in different amounts. In addition to the prediction of pore sizes from the molecular composition of pore sizes, it now became possible to achieve a ne-tuning of pore sizes by using mixtures of amphiphiles as templates (see Fig. 10b ). With the most commonly available amphiphiles (even pluronics) it is now possible to achieve every pore size between 1.5 and 10 nm.
There are other methods available to in uence the pore size of ordered mesoporous materials. One way is to change the temperature during preparation of the material. 3151 316 The higher the temperature is, the larger the pores become; the electrolyte concentration is also an important factor. 317 However, much more interesting is the use of hydrophobic swelling agents (such as trimethylbenzene). [318] [319] [320] It should be noted that all of these factors (temperature, salts, and swelling agents) will change the packing parameters of the surfactant, which could lead to differences in phase behavior. An interesting case was reported by Stucky et al. when they added trimethylbenzene to the Pluronic P123 lyotropic liquid crystal phase, which normally leads to the hexagonally ordered SBA-15 material. The structure of SBA-15 3091 316 is maintained only for low oil concentrations. At higher concentrations, the pores begin to buckle, accompanied by an increase in pore size, and nally a mesocellular foam is produced. 320 One is actually able to follow the micelle-tomicroemulsion transition by looking at the casted, ordered mesoporous silica materials. This is a rst indication that the nanocasting principle is capable of more than production of "designer materials"; it can also be used to investigate the structure of aqueous systems. The idea behind this is shown in Figure 11 .
A soft-matter (organic) unit such as a surfactant can aggregate when in water. Sometimes it is dif cult to analyze this aggregate directly because the electron density does not differ much between solvent and aggregated structure. Techniques like electron microscopy fail (because of evaporation of the solvent under high vacuum), and even X-ray or light scattering give only limited information when the contrast is low. Furthermore, in a solvent the aggregated structures show rotational and translational motion, which also excludes techniques like atomic force microscopy. On the other hand, when a softmatter aggregate is "nanocasted" into an inverted solid silica copy, all of these methods can be used, bringing all their bene ts. In an ideal case one is able to gather information about each step shown in Figure 11 by investigating the pore structure of the materials. Polarz et al. were able to bring more light into the assembly behavior of cyclodextrins 321 in aqueous solutions by applying this concept (see Fig. 11b) . 322 A solution of cyclodextrins was cast into a solid silica replica, and calcination led to the Fig. 11 . Schematic representation of the concept of using porous materials as a new analytical tool (a) and a practical example with cyclodextrins and their aggregation (b), which expresses itself in a porous material (c). When a soft matter unit is given in a solvent it is possible that aggregation into a more complex unit occurs. Via the nanocasting, which was described before, it is possible to catch these self-assembled aggregates and transform them into pores of the same size and shape. By looking at the pores one is able to evaluate the structure of the aggregate and to conclude steps in the self-assembly process. A nice example is given for cyclodextrins (b), which assemble to rod-like structures when placed in water. Accordingly, the pores (c) have a worm-hole architecture, which clearly indicates that the template was made from an assembly of cyclodextrin molecules. porous materials. It was shown that cyclodextrins assemble, in a manner similar to that of classical amphiphiles, into "worm-type" structures and that the driving force was a special kind of amphiphilicity the authors called "quadrupolar amphiphiles. "
322 All of this information was obtained by studying the ne details of the pore structure with various analytical techniques ( Fig. 11c shows one TEM image of the resulting porous materials).
The latter topics (microporosity in mesoporous materials and nanocasting as an analytical tool) already demonstrated how important it is, in order to determine the properties of a material, to complete a suf cient analysis.
It can be summarized that so far ordered mesoporous materials can be obtained with a desired pore size, pore shape, and macroscopic structure. However, the composition of the network is limited to SiO 2 , which is chemically quite inert. Concerning the reactivity and mechanical properties of these materials, this is a clear disadvantage. Therefore, there has been much effort dedicated to producing mesostructured materials with a composition different from that of silica. One way to do this is to change the network materials completely and go to other oxidic, more reactive materials. This is an area of its own that is discussed in Section 3.2.2. The second method is to deposit something inside the porous framework of the porous host, and the third and very interesting approach is to modify the silica network with organic groups. The latter two approaches still use the ability of silica to adopt even very small template features to form nanostructured materials.
Certain fractions of elements other than silicon can be imbedded into materials mostly of the MCM-41 type. These materials can be obtained when a source for this metal is added directly to the precursor sols. The most prominent example, which was already prepared in the original work by Beck et al., 951 265 is Al-MCM-41, a MCM-41 where some Si atoms are replaced with Al. Through the incorporation of aluminum, the material obtains Lewis acidity. Therefore, Al-MCM-41 has been used for the catalytic cracking of various organic compounds. [323] [324] [325] The performance of the competing zeolites is often better, 324 although sometimes higher product selectivities with mesoporous materials were observed. Other catalytic materials with acidic functions are Ni-MCM-41 and Mo-MCM- 41 . 326 These materials have some importance for the removal of sulfur from raw oil (hydro-desulfuration process, HDS). [327] [328] [329] The latter cases (hydrocracking and HDS) are examples of why some major oil companies are even today quite interested in ordered mesoporous materials. [330] [331] [332] [333] The acidic forms of MCM-41 have also been used as classical organic synthesis catalysts, in Friedel-Crafts reactions and others. [334] [335] [336] [337] [338] [339] The great advantage of ordered mesoporous materials in comparison with zeolites is that MCM can also be used for large and bulky molecules, even when the reactivity is not so high.
Basic forms of MCM-41 have also been prepared, but here silica-organic hybrid materials are much more important, which will be discussed later. Cs-MCM-41 has some importance as a catalyst for Knoevenagel reactions. [340] [341] [342] Another modi ed MCM-41, Ti-MCM-41 has been used for a variety of redox catalysis. 343 Other examples of MCM-41 redox catalysts are Ti-, Fe-, Cr-, V-, B-, Al-, and Mn-MCM-41 materials, 344 but Sn-, [345] [346] [347] Zr-, 348 and Ru-MCM-41 349 have also been invented. A different way to enrich silica MCM-41 with catalytic properties is to deposit metal or oxidic nanoparticles inside the mesoporous framework. It was shown recently that the size of the resulting nanoparticles can be netuned by the size of the pore restriction and that the wall properties are of major signi cance. 350 As shown in Figure 12 , it is possible to create noblemetal particles that exactly resemble the size of the hosting mesopore after the reduction of suitable precursors. If the same process is applied to a material that is able to interact with these precursors (in the case shown a silanol-rich silica monolith interacts with [PdCl 4 ] 2ƒ ions) the created metal particles are bound to the pore surface and Ostwald ripening is suppressed. It is shown how the pore itself can be used to create new nanostructured matter, such as metal nanoparticles. When the interaction between the pore walls and the precursors is tuned it is possible to direct the growth of nanoparticles and to obtain control over their size and the properties of the hybrid materials. When the pore wall binds strongly to the metal precursors, Ostwald ripening is kinetically suppressed and subnanometer nanoparticles cover the pore walls. For repulsive or nonbonding interactions the size of the nanoparticles, their polydispersity, and their shape are dictated by the pore system.
Just subnanometer particles are created 350 that are not visible in TEM images (see Fig. 12 ). One is therefore able to create ordered silica materials carrying a great variety of nanoparticles, semiconductor nanoparticles, or even oxide nanoparticles. [351] [352] [353] [354] [355] [356] [357] [358] [359] [360] [361] Therefore much work has been devoted to preparing semiconductor nanoparticles by this route. Examples are gallium nitride, 359 cadmium selenide, 354 cadmium sul de, 362 silicon, 3631 364 titanium dioxide, 365 germanium, 366 gallium arsenide, 367 zinc sul de, 368 and indium phosphide. 369 Since then, preparation of colloidal particles inside mesoporous hosts has become a versatile tool for producing different kinds of nanostructures. 370 One nice example can be found in the work of Huang, where silver nanowires were produced inside MCM- 41. 352 In this way, for example, metal nanowires have also been produced with Pd 3711 372 and Pt. 355 The last work indicates that it is possible to transform the whole pore system of a material into a new material that would not be accessible otherwise. The ordered mesopores act as a template again for new materials, which is released by removal of SiO 2 by HF etching. For instance, when an ordered mesoporous material is lled with a suitable precursor for carbon, depending on the pore morphology, particle-like carbon 373 or nanoporous carbons (for instance, with the Ia3d structure of MCM-48) have been prepared. 541 374-376 Similar results can be obtained by preparing a replica of the pore structure with platinum. These results are extraordinary because now the structure of the new material resembles the structure of the organic liquid crystal that was used as a template for the production of the ordered mesoporous silica materials. Having an "arti cial carbon liquid crystal" in hand could be very bene cial because carbon is stable to very high temperatures. The mesostructured carbon might therefore be taken as a new template for many materials that are not accessible with organic templates.
It should be mentioned that many of the host-guest compounds with ordered mesoporous materials are not of the inorganic-inorganic type. In many cases organic compounds as dyes or polymers have been immobilized in the porous framework preferentially of MCM- 41. 377 Polymers like polymethyl-methacrcrylate were directly created inside the pores, and it was shown that the spatial con nement had some impact on the physical properties of the polymers. 378 Kageyama et al. reported a titanocene-containing MCM-41 material that was used as a solid-state catalyst for the preparation of a unique, highmolecular-weight poly(ethylene). 379 Also very important in this respect are ordered mesoporous silica materials containing conductive polymers, as found, for instance, in the work of Bein et al. for poly(aniline). 3801 381 The organic-inorganic hybrid materials created often have unique properties. One example of such unique features is new ordered mesoporous laser materials. Generally, an active laser dye is brought into an porous environment, and its laser activity is studied. It was envisioned by Stucky et al. that a whole laser could be produced with the use of self-assembly laws. 382 They could prepare a silica-surfactant-laser dye (rhodamine 6G) hybrid material with a brous morphology. The laser dye is located in the hydrophobic domains of the lyotropic template phase. The ber was pumped perpendicular to the ber direction, and above a certain threshold laser activity was detected. Stucky et al. extended their work, 3831 384 and recently they prepared impressive waveguides by a combination of selfassembly and soft-lithography techniques. 385 Mesoporous silica (template removed) was deposited on silicon and as the third layer there were the waveguides containing the dye-doped ordered mesoporous silica. 384 The cylindrical channels were aligned throughout the whole waveguides, and even the dye seemed to be oriented in the template phase.
In all of the preceding cases the organic part of the material was just immobilized inside the pore system of the ordered mesoporous silica material. An alternative is to covalently link organic groups to the silica network and change the material properties this way. After calcination ordered mesoporous silica still possesses a certain amount of active silanol groups Si-OH. 386 These groups can be reacted with a variety of organically modied sol-gel (Ormosil) precursors with the general formula R-Si(OR 0 ) 3 . The attachment of a terminal organic group in a postmodi cation procedure leads to new, mesostructured silica-organic hybrids. However, the organic groups loom into the pore volume, and not every pore-surface Si group is modi ed in this way. These are two clear disadvantages of the postfunctionalization method. In most cases amino functions have been introduced in this way into ordered mesoporous silica materials. [387] [388] [389] [390] Materials containing ephidrine for asymmetric catalysis 3911 392 or organometallic complexes have also been invented. 393 As was pointed out, it would be quite desirable if the pore wall itself were to be modi ed, instead of having the organic groups located in the pore volume. Therefore materials scientists tried with some success to add the Ormosil precursors directly to the synthesis mixture. This approach has two problems. The Si-O-R bond is not stable enough under most commonly needed synthesis conditions (high or low pH), and the organic group can negatively in uence the interface energy, which is important when the amphiphile microphase separates and thus structures the material. Mann et al. could show that this pathway is successful for octyl and phenyl groups, 394 and later for thiols, amines, epoxides, imidazoles, and other alkyl groups, 395 when the Ormosil precursors with Si-C motives are used. The template can now just be removed by liquid-liquid extraction because of the presence of the organic groups. Therefore, and because of the effect of the organic ligand on the condensation rates, one obtains not fully condensed, quite weak, or collapsed materials. Still the amount of organic groups that can be incorporated in the materials remains quite low at 25%. If higher amounts of Ormosil precursor are taken, the structuring of the material via self-assembly is not successful.
A big improvement was made by Ozin et al. when they used bridging ligands (Si-R-Si) to modify the pore wall. 3961 397 These groups are truly incorporated into the material; they even seem to cover the pore walls. Now it was possible to use 100% of the organically modi ed sol-gel precursor for the synthesis, the materials are stable, and the pore walls are 100% covered with different organic groups such as ethylene or benzene. [396] [397] [398] [399] [400] [401] It has been shown in this section that ordered mesoporous materials have become "designer" materials. They can be prepared with a great variety of properties such as pore size, pore shape, organic groups on pore walls, organic groups in pore volume, and any desired macroscopic shape of the materials. Next we considered whether the structural principles that work for silica can be extended to other inorganic network materials (Section 3.2.3).
Transition Metals or Other Compositions.
It was already suspected in 1993, brie y after the invention of MCM-41, that one would be able to create mesoporous materials with compositions other than silica by surfactant templating routes because similar interactions between the network precursor and the amphiphile might be created. 289 However, using network sources other than silica always involves two general problems. The precursors for these networks are much more reactive, which makes the whole process less controllable. Second, most other networks tend to exist in the crystallized rather than the amorphous form. The crystallization can result in major restructuring processes in the material and therefore might destroy the mesostructure. Most frameworks begin to crystallize at higher temperatures, when the surfactant is removed by calcination. This often makes it dif cult to remove the template.
The rst nonsiliceous examples of a comparable materials followed in 1994; these were tungsten oxide, molybdenum oxide, antimony oxide, and vanadium oxiderelated materials, but it was not possible at that time to remove the organic template because lamellar structures were obtained. [402] [403] [404] [405] [406] Ying, Antonelli et al. were the rst ones to obtain transition metal oxides with structures similar to those of MCM-41. For instance, a mesoporous titania (TiO 2 ) material was obtained when the reactivity of the precursors was decreased by the addition of a complexing ligand as acac. 407 Later, nicely structured niobium oxide and tantalum oxide materials were obtained by tuning the interaction of the amphiphile with the precursors (ligand-assisted route) for the inorganic framework. [408] [409] [410] Transition Metal Oxides Because of their high relevance in many areas of catalysis and their variable redox and magnetic properties, much work was devoted to the creation of stable ordered mesoporous transition metal oxides. In the meantime, many compositions with Ti, Zr, [411] [412] [413] [414] [415] [416] 430 Ordered mesoporous titania is a quite representative example for transition metal-based materials. The reactivity of titania precursors goes in the order TiCl 4 > Ti(iOPr) 4 > Ti(OBu) 4 > Ti(OEt) 4 . 4311 432 These precursors all react rapidly with moisture and form TiO 2 . To control the growth of a titania network around a template phase the reactivity has to be decreased. The most frequently used approach is to take TiCl 4 as a titania source and react it with anhydrous ethanolic solutions of the template (surfactant or block copolymer). 4131 433 The reaction between TiCl 4 and EtOH releases high amounts of HCl. High concentrations of HCl stabilize titania nanoclusters and therefore prevent uncontrolled condensation. Moreover, one deals with an anhydrous solvent. The water needed for the self-organization of the amphiphile and for the condensation of the titania is provided exclusively by the atmospheric humidity. The humidity is the crucial point in these preparations, and it should be around 50%. It is also interesting to note that the water seems not to be able to diffuse from the top of a deposited lm into the material, presumably because of densely packed surfactant hydrophobic chains on this surface. Diffusion of water and ordering of the material begin at cracks and propagate from there. As prepared, the materials have an amorphous framework that is often not desired for many applications. Crystallization of titania occurs at temperatures above 400 C, which might also disrupt the mesostructure and leads to just 3-nm crystallites. As a possible solution titania nanocrystals were proposed as the starting material for ordered mesoporous titania as well. 434 Metal Sul des Stupp et al. used a true-liquid crystal approach to prepare various mesostructured metal sulde materials. [435] [436] [437] A lyotropic block copolymer phase is swollen by inorganic salt solution as Cd 2C salts, and then treatment with H 2 S vapor follows. A nanocrystalline, ordered mesoporous CdS material is the result. Soon, a ZnS material followed. 438 Similar to work where titania nanoclusters have been used for the preparation of mesotructured titania, 439 several groups prepared ordered mesostructured germanium sul de materials with Ge 4 S 10 clusters in the initial state. 2551 
440-442
AlPO 4 Because of the similarity between silica molecular sieves (zeolites) and aluminum phosphates (ALPOs) there have been many attempts to synthesize MCM-41 analogous ALPO materials. In most of these cases nonstable materials are obtained or the pore systems are quite different from MCM- 41 . 4431 444 Kuroda et al. reported a nicely ordered hexagonal ALPO material in 1999, 445 and Stein et al. reported an interesting approach using an Al 13 Keggin species as the source for aluminum. 446 Silicon Nitride Just as in ALPOs, one could suspect, that it will be possible to produce an ordered mesostructured silicon nitride because the NH unit as in imides or amines is isoelectronic to oxygen, which would allow a sol-gel chemistry similar to that of silica. There have been attempts to synthesize these compounds with silicon amines, ammonia, and nonaqueous solvents and surfactants. 447 Al 2 O 3 Ordered mesoporous alumina would also be a very interesting material because of its high relevance in catalysis. The classic way of preparing mesoporous alumina is by electrolytic etching (anodized alumina), and the results obtained are impressive for the production of thin lms. 448 This technique is restricted to surfaces. Therefore, preparing ordered mesoporous alumina via templating routes should be very promising. It was found that it is very dif cult to achieve highly ordered materials and to achieve control over pore size with alumina, although some examples exist. 4131 450 This technique is very similar to the described approaches, although the network is now formed by the reduction of noble-metal precursors.
Macroporous Materials
Opals and Inverted Opals.
As was shown in the previous sections, it is possible to cast inorganic materials by suitable templating techniques with high precision. Templates originating from the self-assembly of amphiphilic molecules have been discussed, and it was pointed out that colloidal objects or colloidal crystals can also be used as templates to obtain pores of a higher length scale (see Fig. 4 ). It is known that colloidal particles such as silica spheres, latex spheres, or inorganic crystals (such as gold or semiconductors), [451] [452] [453] [454] [455] as soon as their size is fairly monodisperse, tend to pack into ordered assemblies called colloidal crystals. [456] [457] [458] [459] [460] [461] [462] [463] [464] [465] Figure 13 shows the colloidal crystal formed by negatively charged 280-nm latex spheres. As can be seen from this image, the dense packing of 280-nm spheres creates regular voids in the size range of 70 nm. Therefore, colloidal crystals obtained by spheres or sphere templating techniques belong to the family of nanoporous materials.
Methods for obtaining silica spheres can be found in the literature, [466] [467] [468] [469] and these rely mainly on the process invented by Stoeber. 470 Latex spheres are mainly obtained by emulsion polymerization. [471] [472] [473] [474] [475] [476] [477] A discussion of the physics behind the formation of colloidal crystals is beyond the scope of this review article and should be taken from the literature. [456] [457] [458] [459] [460] [461] [462] [463] [464] [465] However, common techniques for obtaining colloidal crystals of spheres are centrifugation, [478] [479] [480] and evaporation methods. 463 Concerning the last method, the work of Colvin et al., which is the convective selfassembly process, should be mentioned explicitly because it is a very good and easy method for obtaining opal structures of spheres. 4821 483 Very high ordered opal structures can be obtained, but the symmetry seems to be restricted to face-centered cubic (fcc), as expected from theoretical calculations. 484 However, in rare cases other structures, such as (bcc), (hcp), and (rchp), could be observed.
4581 4601 4611 4641 [485] [486] [487] The spheres in the opal structures discussed so far are held together just by relatively weak forces. For later applications cracking or disrupting the structure is always a problem. By sintering or thermal annealing of silica spheres, 4881 489 or heating above the glass point for organic polymer spheres, 490 it is possible to strengthen the material.
Much attention has recently been paid to the transformation of these opal structures into inverted opals by templating techniques (see Fig. 1c ). Because in these cases voids, sometimes on the order of several micrometers, are produced, just the basic principles are described in this review about nanoporous materials. A more detailed description can be found elsewhere. 491 The interstices of the opals are lled with liquid or gaseous (CVD) precursors, which react to form a new network. Afterward, the sphere template is removed by calcination for polymer spheres or by HF etching for silica spheres. In this way, a large variety of inverted opals ranging from inorganic oxides such as titania, to metals, carbon, or semiconductors have been prepared. 
Photonic Properties.
All of the opal materials discussed show, because of their architecture, a characteristic modulation of dielectric constant in 3D space. This is the major requirement for so-called photonic materials. [492] [493] [494] In simple terms, a modulation of the dielectric constant or the order of light leads to Bragg diffraction for speci c light frequencies. This means that certain light frequencies cannot propagate through the opals. These frequencies where light is re ected are also called stop-bands. 495 Further requirements for photonic materials are a high refractive index contrast and a high order in the material.
Although the combination of Bragg's law and Snell's law gives a good approximation for the peak position (see Eq. (2)) and the dependence on the lattice constant, lling fraction, and refractive index contrast, a more detailed description is required:
where ‹ c4hkl5 is the wavelength for the stop-band, d 4hkl5 is the lattice constant, "˜" is the effective refractive index, andˆis the angle. It is beyond the scope of this review article to give a detailed description and derivation of the theories behind photonic properties, but to understand the basic principles it might be interesting to mention that photonic materials are often seen as "semiconductors for light." It is believed that the ow of light can be controlled with photonic materials in a way similar to that in which a semiconductor controls the ow of electrons. Indeed, the theories behind the behavior of light or electrons in solids are somewhat similar because both systems can be described as waves (see Table I ). However, because electrons are fermions and photons are bosons, there are also important differences. The 3D modulation in refractive index has consequences for photons similar to those the 3D modulation of electrostatic potential in a solid material has for electrons. Depending on the propagation direction of light inside the material, bands of certain energies are created that allow light of these frequencies to propagate. But more important, for some energies there are no states in the material, which means that light of this energy is not allowed inside the material. It is re ected, which is detectable by UV/Vis spectroscopy. Figure 14 shows the correlation between the light-band structure inside a photonic crystal and the UV/vis spectrum obtained. As shown, there is a certain energy region (in this case above 1.0 eV) where no states for photons exist. As a consequence, no photons are transmitted through the material. Many, many challenges and exciting developments can be expected for this new area of nanoporous materials. Current interests focus on obtaining special structure types of opals, such as the diamond structure; improving the refractive index contrast; or preparing microengineered arrays of opals. 4961 497 Further applications of these materials lie in the areas of waveguides, 4981 499 lters, 458 microcavity lasers, 492 or optical chips. 
ORGANIC POROUS MATERIALS
The templating concept introduced in Section 2 (see also Fig. 4 ) can be extended toward pure organic or polymeric compositions of materials. Similarly, an organic monomer is polymerized around a prefabricated template structure. The chemical and physical parameters of the polymer obtained differ very much from those of the monomer species if one compares with the sol-gel process of inorganic oxides. Often restructuring processes occur during polymerization that can lead to partial or complete phase separation. Therefore one has to distinguish°T ranscriptive synthesis: The pore structure is a 1:1 imprint of the template structure.°R econstructive synthesis: The polymerization takes place under the spatial con nement imposed by the template, and morphological rearrangements lead to the nal material.°S ynergistic synthesis: The monomer itself selforganizes.
Similar to all of the approaches discussed before, the interactions between the template phase and the network builder (or, in other words, charge density matching considerations) are of crucial importance. Furthermore, entropic forces such as restriction of polymer segment mobility due to spatial restrictions can become important. These factors decide whether a synthesis is transcriptive or reconstructive. One problem that also remains is that the porous materials are just metastable. In the case of polymeric materials this fact becomes much more important than for most inorganic networks. Because of swelling of polymers and their high exibility, polymer systems might be unable to retain the porous structure in the long run.
One important eld is the transcriptive translation of molecules into pores designed on a molecular level, which is also known as molecular imprinting. 501 The synthesis pathway is similar to a key-lock or antibodyantigen mechanism. The template molecules (often aminoacids, 5021 503 sugars, 504 peptides, 505 or steroids 5061 507 ) exhibit a certain pattern of distinct, spatially distributed functional groups. Suitable functional groups in the monomer systems interact with these patterns, and this leads to an imprint of the shape and functional structure. Finally, the template molecules are removed by extraction or chemical cleavage. Typical monomers that have been used are methacrylic acid and ethyleneglycol dimethacrylate. More detailed reviews of molecular imprinting used to obtain porous polymers can be found in the recent literature. [508] [509] [510] [511] The second type for a clear transcriptive synthesis of porous organic polymer materials is found when colloidal crystals (opals) are used as templates. 5121 513 As described in Section 3.4, macroporous structures are obtained. Possible polymer compositions involve polyurethane, 5141 515 poly(acrylate-methacrylates), 516 poly(divinylbenzene)-copoly(ethyleneglycoldimethacrylate), 517 polystyrene and poly(methyl methacrylate), 518 and polypyrrole. 519 When micelles are used as templates a clear transcription to pores is questionable. Styrene/divinylbenzene polymers with spherical pores of 10-20 nm were obtained by templating with water-swollen AOT (sodium bis(2ethylhexyl)sulfosuccinate) micelles. 5201 521 The pore size appears to be too large to be caused even by swollen AOT micelles. In a similar work water-swollen AOT micelles were used for the preparation of ethylene trimethacrylate polymers in supercritical CO 2 with 20-nm pores. [522] [523] [524] When supercritical CO 2 was omitted, pores of 100 nm were obtained, which already indicated the reconstructive character of the synthesis.
The micelles in the previous cases were already swollen with a polar solvent like water, while the continuous phase contained the hydrophobic monomer. The next logical step is to use microemulsions as templates for the production of porous polymers. Microemulsions are thermodynamically stable systems with droplet sizes in the range of 10-100 nm. 1 Of particular interest for this application are bicontinuous microemulsions.
It was seen in all reported cases that the pore morphology was no longer directly related to the structure of the microemulsion. Very often just latex particles were obtained. 5251 526 However, when hydrophilic (as acrylic acid) and hydrophobic (as methylmethacrylate) materials have been copolymerized in the presence of a microemulsion, true porous materials have been obtained. 527 The nal product was, as mentioned, very different, as expected from the morphology of the microemulsion. Therefore, one has to conclude that there is a reconstructive synthesis pathway. The transformation from a microemulsion to the nal porous system for such a system was studied, and not less than four phase transitions have been observed during the polymerization reaction. 528 The next level of complexity is reached when lyotropic phases are used as templates for porous polymers. First attempts to imprint a lyotropic structure into a polymer failed because of demixing. 5291 530 However, it was possible to get nicely ordered, reconstructed morphologies this way. 5301 531 It can be concluded that a variety of nanoporous polymer materials can be obtained. But because of thermodynamic factors during the polymerization, demixing processes led to the formation of materials different from those planned. Nonequilibrium conditions might also play an important role. Although the prepared structures are very interesting and might have applications, it seems hard to synthesize designed nanoporous polymers. Furthermore, it seems that there are currently restrictions to a few polymer systems.
SUMMARY
It was shown in this review that the eld of nanoporous materials is very interdisciplinary. It ranges from a variety of network compositions (inorganic, organic, and metalloorganic), different pore shapes (disordered, spherical, cylindrical, lamellar), different pore sizes (from 0.5 nm to several tenths of nanometers), and different pore surface properties.
This high level of knowledge for these types of materials creates several new challenges that would ll pages if one considers all of the different classes of materials in the nanoporous materials family. However, some relevant future directions should be mentioned.
One of the most active elds is ordered mesoporous materials. In the coming years scientists will try to create as many compositions as possible for this class of materials. It is also somewhat surprising that so far no signi cant application has been established for ordered mesoporous materials. It can be envisioned that the more it is possible to create materials with designer properties, such as electronic, magnetic, or mechanical, applications will be found. One interesting application could be photocatalysis. It is still unanswered whether the narrow pore size distribution and the regularity in shapes of the pore channels have some special effects on processes in pores. Therefore, these effects will have to be studied on a more fundamental basis.
All porous materials presented so far have some kind of static character. This means that once the materials have been prepared, they do not change their properties. Smart porous materials, materials that change their properties depending on outer stimuli (for instance, pH or electric elds), are a very interesting goal. As a rst problem one might address changing pore sizes with a chemical stimulus. However, it must not be ignored that nanoporous materials are metastable once the template is removed. This metastability has to be retained, whatever smart materials are to be created. It therefore seems that neither pure inorganic nor pure organic materials are able to ful ll this task. Inorganic-organic composites might have these desired properties once the complexity of the materials has been increased.
Much progress can also be expected from the eld of colloidal crystals and photonic materials. In an ideal fashion, several disciplines, chemistry, physics, and engineering, will fuse to predict and realize material and device properties. The future will tell if the next computer generation will run with light.
